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Uniaxial and biaxial compressive strength of ice samplad from Arctic
multiyear pressure ridges

by F.U. Hiusler Hamburgische Schiffbau-Versuchsanstalt GmbH,
E.N. Earle (formarly) Shell Davelopment Company
P. Gerchow Hamburgische Schiffbau~Versuchsanstalt GmbH.

A gcrics of 60 comprescive ctrength taste has been performed on ice
sampled from multiyear pressure ridges near to Reindeer lIs., Beaufort
Sea. Three compressive stress states have been investigated: uniaxia)

(cy = 0) and biaxfal with oy * 9y gnd o, = 0.5 o,.

Twon temparature - strain rate combinations have been studied:
Ty ==5°C, & = 10757 and T, = 20 °c, &, » 107557,

Far hath T-f-combinatinng the coefficients of an isotropic 3-parameter
yield criterion were evaluated representing the yield characteristics
in the compression octant of the principal ctrass space-'fhe multiyear
pressure ridge ice was considered to behave isotropic on a macroscopic¢

scale.

At T, = =20 °C, &, = 10! the tce exnibited brittle fravture. Under
these conditions the measured compressive strengths were § times (uni-
?xini) up to 5.8 times (blaxial oy " °y) higher than at "l‘l - =5 "°C,
€, = 10's s". where a mostly ductile mode of failure was observed.

The multiyear pressure rigage tce studied exhibited & wide vartely ufr Ige

types (snow ice, columnar sea ice etc.), Ice densities were found from
Py = BUY Kg M~ up to Y13 kg m~>. Ine SalINITY measured In The samples’

melts ranged from Sy = 0 up to 5.7 /..



Introduction

The Alackan and Canadfan Arctie hac
proven to be one of the world's most im-
portant resources of hydrocarbons. 0ff-
shore o011 and gas exploration and ex-
ploitation 1in thic region 1¢ impeded by
fce of seasonally varying severity. In
order to achieve a long (at best year
round) drilling season, and at the same
time to prevent ships and structures
from damage or loss, both ships and
structures must be designed to withstand
ice Tloads. Another important aspect of
safe operation is to preserve the sen-
sitive Arclic envirunment Trom avoldable
poliution.

One of the most hazardous forms of ice
loads 1is exerted by multi-year pressure
ridgec which are by all means & common
natural event 1in this region. Besides
the driving forces (current, wind) and
the response characteristics of the
individual ctructure, the failure of
multi-year rid?e ice yields an important
limiting condition for the 1ce loads.
This condition may govern the structural
design,

Multi-year pressure ridges can be de-
fined as thick accumulations of broken
ice blocks that have survived at least
one melt <ancnn. The voids originally
contained 1in the ridge from the pile up
process are filled with refrozen water
from surface melting. Thus a multi-year
pressure ridge renresentc a huge piece
of massive, nearly votdless 1ice. lts
thickness may exceed 30 m (Kovacs, 1976
and 1983; Cox et al., 1984), :

Information on the mechanical praperties
of multi-year ridge 1fce is scarce in
literature, except the data reported by
Kovacs (1983) and the results of the

investigations by Cox et al, (1984 and
190%). The laLler ai1so contatn the oniy

strength data available up to now for
multi-axial load conditions: compressive
strengths under various laterai confine-
mente. _

In the present study, plane stress fail-
ure characteristics of multi-year ridge
ice have been evaluated. For this pur-
pose strength tests have baan conducted
under uniaxial compression and under
biaxial compression with two different
load ratios (1:1 and 2:1). The influence



* tn s, o

At o a

S ideima t

of strain rate and temperature was in-
vestigated by performing the test at two
differcnt temperature strain rate cunbi-
nations.

Ice field sampling and shipping

The field sampling was performed by
CRREL parconnel! beotween 3 and 15 April
1981 in an area northwest of Reindeer
Istand in the Prudhoe Bay, Alaska (see
Fig. 1). It was the same field campaign
during which the stamplec ware collected
for Shase I of the comprehensive CRREL
study on the mechanical properties of
multi-year sea 1{ce reported by Cox et
al. (1984). Thair report gives detailed
descriptions of the sampiing and ship-
ping procedures, such that here only a
short summary seems necessary.

The camples were collected fFrom 10
muiti-year ridges of vartous size. The
ridges were part of the fast ice belt
and were apparently not grounded. Al1l
ridges showed rounded outlines indicat-
ing surface melt processes 1in their
history,

From each ridge, four vertical cores

were drilled using a 108 mm (4.25 in.)
Tiberglass coring auger (Rand and Mej-

Tor, '1985). The cores were drilled in
pairs (A-B and C-D) on two sites of each

ridge. Deoendina on the ridge's <i7e the
sitgs were from 12 up to 46 m apart. Im-

mediately after removal from the ice,
the cores were catalogued and packed in
core tubes. The tubes were then placed
in 1nsulatedq shipping boxes. In the
field no measures have been taken for
sample refrigeration, because the ambi-
ent air temperature of below -15 °C was
close envuyh v Lhe NdC?’ZHqO eutectic,
~22.9 °C, and because the my ti-year fce
had a low salinfty (usually 4°/,.).

The ice was then shipped by airfreight
to CRREL, Hanover, N.!. where it was
stored at -30 °C (Cox, et al. 1984). On
25/26 October 1982 a Jot of 10 tubes
with fce samples was shipped to Hamburg
adain bv airfreight. Nuring a1l adr.
freight shipping the ice was refriger-
ated by dry ice. In Hamburg the ice core
tubes were unpacked from the insulated

boxes and stored in a freezing box at
=30 °C until teat Sample processing.



Test facilities

The strength test program was carried
out on & triaxial Closed-loop testing
machine (Fig. 2). The vertical axis of
this device consists of a screw driven
universal testing machine of 100 kN load
capacity type Schenk-Trebe! RME 100. The
tWo horizontal axes are provided hy an
HSVA-designed biaxial testing device
with servo-hydraulfc actuators of more
than 100 kN 1load capacity each. The
biaxial frame 1{s mounted on the same
base-lrame as the RME 100. Thus the
three axes form a monolithic unit. Each
of the three axes 1{s tndividually

electronically closed-lo0p controlled.
Coupling betwaen the axes 13 per furwed

electronically, For load application the
testing machine is equipped with three
patrs of brushlike loading platens
(H1lcdorf, 1065) capecially designed fur
ice compression tests (Hdusler, 1982),
These loading platens consist of a clus-
ter of slender metal rods (bristles)
arrangad in a quadratic array. They ex-
hibit a high rigidity in the load direc-
tion combined with a minimal Tateral

constraint. Their transverse compliance
allowe the platena to follum lTaleral du-

formation of the tested specimen. Thus
even true triaxial tests are possible,

At least the edges of the samples always
ramain  accocciblea to otrain meazuring

devices (Linse, 1975; Hausler, 1982 and
1986). The complete loading apparatus is
installed in a cold chamber where any
tamnarstura betwoan.i2 ond - 30 °C can be
set. FElectronic control and data acqui-
sition devices are installed outside the

cold room. For sample preparation a sec-
nnd cold room with an independent refri-
geration system of the same capacity was
used. It was equipped with a band saw
and a Tathe modified for milling cubic
ice samples.

Data acquisition and recording

Loads were measured by means of HBM
(Hottinger Baldwin) Z4 200 «N load
cells. For deformation measurements HGM
WK LVDTs were applied which have a max-
imum  range of + 2 mm. The primary axis’
deformation transducer was installed in

& parallelogram guide (see. Fiq. 3).
while Lhe other “LVDTs were mounted on

pairs of bristles on the loading platen
sides. Since the bristles follow the
samples deformation, they can be used as
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pick up devices for deformation
measurements.

The analoguous signals from the trans-
ducers were on-1ine converted to digital
on an HP 21 MXE series computer (Hewlett
Packard) and stored on floppy discs for
later off-line data processing. The di-
gitizing rate was limited by the trans-
fer rate from the AD-converter to the
disc and by the storage capacity of the
foppy disc. In the present study rates
of 100 ¢.p.s. and 50 c.p.s. were applied
in the high strain rate tests and of
4 c.p.s. 1n the low strain rate tests.

A1l other data such as temperatures or
sample dimensions were recorded manual-

ly.
Sample preparation and test procedure

Sample preparation was done by cutting
cubes of 63.8 + 0.1 mm sfde length from
the 1ce cores. This was done by first
cutting the cores in cylindrical pieces
of 10 cm length, and then cutting these
pieces 1n raw cubes of about 8 cm side
length.This was performed on a band saw.
Fig. 4 shows the orientation of an ice
cube 1in the parental core. The raw ice
Cubes were then milled down to their
target dimensions on a modified lathe.
For sample dimension control, a high
precision stage with a dfal gauge of
0.01 mm resolution was employed. In
order to minimize brine drainage, sample
preparation was performed at a tempera-
ture of about -25 °C, i.e., below the
NaC1 -ZHZO eutectic ~-22.9 °C in sea
ice.

The samples were then stored for one day
at their target test temperature in or-
der to achieve a homogenous temperature
distribution within the samples when
tested.

The work-off order of succession of the
potential samples within the whole
entity to be investigated was determined
by drawing lots. By this means, a random
distribution was achieved in the param-
eters not varied systematically, such as
e.g., sampiing site (core number), ver-
tical position of a sample in its paren-
tal core or salinity.

Prior to each 1individual test, the
sample’'s dimensions were measured again



and 1ts weight was determined. Then the
ambient air temperature and the ice tem-
perature were recorded. The ice tempera-
ture was determined inside a refarance
fce cube of the same dimensions, which
had undergone the same temperature his-
tory as the sample to be strength
tested.

In the next step, the sample was instal-
led 1in the loading device. The primary
control axis' actuator was driven to a
compressive preload of about F = 0.25 kN
(corresponding stress 0.05 MPa), and
kept these under static force control.

In the biaxfal tests, the same was done
with the secondary axis but with a pre-
load corresponding to the target

load ratio. The secondary axis was then
set to dynamic force control using the
primary axis' force signal as a dynamic
setting means, From here, the load ratio
between the two axes was kept constant,

In the consequent steps of the proce-
dure, the tips of the bristles used for
strain measurements were frozen to the
sample by a drop of water. Then the par-
allelogram guided deformation transduc-
er, to be employed as actual value
transducer for strain control, was put
on top of the specimen parallel to the
primary axis. Its tips were attached to
two opposite bristles, such that defor-
mation was measured between the loading
platens. This allowed the continuation
of a test even past sample fracture. The
primary axis was then swftched to
closed-loop strain control.

During the test, the primary axis'
strain was controlled by a dynamic set-
ting means such that the.dstrain-rate
was constant. Test stop condition was
the attainment of the target #strain.

After the test, the sample or its debris
was melted for salinity determination.

Data analysis

For each sampling cycle, the measured
forces were converted i{nto stresses
using the equation

0; = F1/A1 (i =1,2) (1)

with o, the stress and F; the load in i-
direction. and Ay the initial cross sec-

Pn’wua ﬂ’
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tion area normal to the {=-direction.

Simultaneously, the deformations u 1in
1-direction were transformed into
strains €y using the simplified equation

Ei = U1/C1 (i = 1.2'3) (2)

with C. the inttial distance between the
pick-uﬂ points of the u; ~deformation
transducer (basis length).

The 1nitial tangent modulus was read
from the slope of the oy over € plots.

Because of the irregular distribution of
ice types and crystal orientations with-
in the ridge 1ce mass, the ice was as-
sumed to behave isotropfic on macro
scale. Upon this assumption the ice
failure condition can be described by
the isotropic three-parameter ;ield
function (Smith, 1974; Reinicke, 19 7)

flogs) = ady + 8d3 + vaf - 1 20(3)
whare o.Jts the stress tensor and J its

first {variant, while J2 1s the sécond
invariant of thef stress deviator Sij

1
sij = Gij -3 Gij Okk (4.1)
Jl = Opp (4.2)
N 1
Jz = 2-S1J sij (4.3)

For a given temperature-strain rate
condition the average strength values
for the 3 different plane stress load
conditions were computed. These averaged
failure stress states were then used to
determine the coefficients of the yield
function (5)

f(bii)'a(011+022)+b(0§1+c§2)+C011022-1
which is the plane stress case of the
three parameter yield function (eq. 3).
Results

The averaged test conditions: tempera-
ture, strain rate, density, and salinity
are compiled in Table ].

The average strengths (stresses at yield
or failure) and initial tangent moduli
are listed in Table 2.

The following characteristics have been



observed for the six test series:
Sertes 1000 (0y=0,e1:1, Ty=-5°C,¢,=10"5"1)

The stesses' time histories exhibfted a
sharp rise until about half the yield
stress. The yield stress was reached
after a period of strain hardening at
strains ef  usually less than 1%. After
yleld, tﬁe stresses decreased slightly.
At strains around 4% stresses increased
again and reached or slightly exceeded
the f{nitial yfeld 1level. During some
test runs, a reasonable amount of brine
was squeezed out of the specimen, and
formed icycles at the unloaded bottom
surface. Cracks, if any, were of minor
sfze and were 1in plane with the Toads
applied (Fig. 5; #1012).

Series 2000 (g, :0,%2:1, T,=-5°C,e,=10"55})
Series 2000 (o, :0, 1 1

The typical stress time history showed,
&s in series 1000, a sharp rise up to
approximately half the yield stress
followed by a period of strain harden-
ing. Yield was reached at strains €] of
usually less than 1%. Typically “the
stress decreased continuously after
yield but apparently tended towards an
asymptotic value to be encountered be~
yond the end of the tests (e, > 5%).
Cracks were of minor size an& were 1in
plane with the loads, similar to the
pattern observed in series 1000.

Series 5000 (0):0,=1:0, Tj=-5°C,¢,=10"%571)

The specimens exibited an almost ductile
mode of failure. In general no cracks
have been observed. Deformation perpen-
dicular to the load was large. Yield was
reached at an average primary strain of
€ = 0.7%.

Series 3000 (olzczalzl. TI:-20°C.51=10-35-1)

The samples typically failed before hav-
ing reached a zero slope in the strass
over time (or strain respectively)
curve. The failure mode was usually
brittie. In some cases the first failure
was not catastrophic but was followed by
a second stress rise, which then was
terminated by final failure. Oniy one
single sample broke after a period of
strain softening. The failure stress
(first  stress maximum) was typically
reached at strains of ZL. 0.25 %. The
samples were usually ¢rushed during the



tests. The major surfaces of failure
were slightly inclined to the plane
expanded by the loads. In addition most
of the samples were filled with micro-
cracks (Fig. 6; #3013).

Series 4000 (o70,%2:1, Ty=-20°C, &,=10"3571)

Typically, brittle failyre was observed
in the strain softening part of stress
history. Thg average primary strain at
yield was €] = 0.32%. The crack pattern
was similar® to the one observed in the
serfes 3000 tests.

Series 6000 (o):0,e1:0, Tje-20°C,E,#10"%57))

A1l samples failed more or less brittle-
ly. After the tests, the samples were
filled with cracks or totally crushed.
In four (out of ten) cases, fracture
occurred during or at the end of the
stress rise, gracture or yield was ob-
served yat an average primary strain of
only €7 = 0.21%. The governing crack
pattern” exhibfted crack surfaces orien-
ted parallel to the 1load byt without
orientation 1n the two perpendicular
directions. In some cases, parts of the
samples failed in addition by buckling.
The microcrack density was smaller than
observed in the corresponding tests with
biaxtal 7Tload application ?Ser1es 3000
and 4000),

The plane stress yield functions (eq. 5)
for the two temperature-strain rate com-
binations have been determined as
follows

2) Tp=-5.1°C, &ye1.00  107557]

1
flo,.)=1.78 MPa_5(oy,+0,,)
741178 Mpa~3(odlo8?)

°) T12-20.1°C,¢,=0.99  10°35"]
(0, 4)=0.0476 MPa'l(oéld-osz)
+0.0262 MPa 2 (0% 4ot,)

-

The str8ﬁ8%36 gggultgllgai 1Egesented
graphically in Figs. 7 and 8. The -upper
left haives show the individually meas-
ured strengths while in the lower right
halves the average values and 99%
confidence 1interval bars are presented,
Also shown for comparison are the re-
sults obtained at CRREL for the same ice
under unfaxial tension and compression
parallel to the parental core axis (Cox

Aore <9QP4”““¥2““’
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et al, 1984 and 1985).
Discussion

A comparison of the data from the pre-
sent  study with the results obtained at
CRREL for the same ice (Cox et al. 1984
and 1985) is evident.

The discrepancy between the uniaxial
compressive strengths seems obvious. Cox
et al. (1984) report va]geslof -2.34 +
1.08 MPa for the -5 °C/10- s°* condition
and3 -?.63 + 1.39 MPa for the -20 °C/
1077s™  conditfon (this study -1.40 +
0.26 MPa and -7.26 + 2.03 MPa). The main
reason for this difference s the fact
that the assumed isotropy of multi-year
ridge ice 1{s not fulfilled. In their
“Phase II" test serfes Cox et al. (1985)
have  performed a comparison between
horizontal  and vertical compregsiye
strengths at a strain rate of 10777,
The vertical was 1.31 times (-5 °C) and
1.65 times (-20 °C) as high as the
horizontal strength. The values of Cox
et al. (1984) used above for comparison
were obtained from vertical tests
(paraliel to the core's axis) while the
strengths of the present study represent
horizontal results.

Approximate horizontal compressive
strengths can be calculated by correct-
ing the vertical strengths with the
hor{zontai 1o, vertical ratios obtained
from the _10™% test. This correction
ylelds ~gf -1.79 +.0.83 MPa for the
o /10" case and g% '« -5.84 + 0.84
MPa for the -20 °C/10 éase respective-
ly. These values are in reasonable
agreement with the results of the pre-
sent study.

The coefficients of the yield functions
evaluated, strictly speaking, cannot
represent more than the plane stress
failure characteristics under compres-
sfon. Extrapolation to plane-stresses
including tansion s theoretically
possibie, but s usually inappropriate
due to different failure mechanfsms
under tension and under compression.

Concerning the initial tangent moduli,
only the value 6.33_3_@14 GPa deter-
mined at -20 °C and 10 s © {s supported
by the corresponding modulus 7.62 + 1.19
GPa measured by Cox et a). (19847, The
value 0.87 + 0.49 GPa measured 1n the

eeponaded [
b et /-eew@e.éfuﬁ
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present study for the -5 °C and 10 5s
condition appears to be too low and {s
assumed to be due to larger initial
setting of the brush platens in this
case.

Comparison of the fajlure strains show
for the -20 °C/107“s case almost
1dentical values: 0.19 + 0,04% (Cox et
al.) and 0.21 (this study)e The larger
difference in the -5 °C/10 °s™" case of
0.38 + 0.17% (Cox et al.) compared to
0.7% (this study) may again be explained
by the 1arger initial setting of the of
the brush platens.

The density and salinity values given in
Table 1 fit well with the data reported
by Cox et al, (1985): p= 891 +26 kg m
and S = 1.26 + 0.82 (Phase 1
only).

Conclusions

The present study provides horizontal

compressive strengths of
multi-year pressure ridge ice. The uni-
axial strengths exhibit good agreenent.
with the corresponding results obtained
by Cox et al. (1984) for the same ice.
This is remarkable, since Cox et al.
have used 254 mm (10 in.) long nearly
cylindrical specimens of 101.6 mm (4
in.) diameter with bonded synthane end
caps (Mellor et al,, 1984), while in the
present study, cubic samples of 68.9 mm
side length and brushlike loading pla-
tens have been employed. The good agree-
ment achieved 1in spite of different
testing techniques supports the credi-
bility of both data sets and allows
their combination for subsequent analy-
ses,

The combined data sets provide an ample
picture of the mechanical properties of
ridge ice under the conditions investi-
gated. Nevertheless, as dlready recog-
nized by Cox et al. (1985), the broad
structural variations ancountered in
natural pressure ridges as well as the
lack of knowledge on near to melting
conditions demand additiona! research
work,
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Triaxial closed-loop testing machine

Deformation transducer with parallelogram guided LVOT
attached to a pair of opposite bristles of the brushlike
1oad;ng platens at the end of a biaxial test (Series
1000).

Orientation of a cubic sample in its parental core

Sample #1012 after biaﬁgay compression test withc1-02.
03-0. at «5 °C and 10 s

Sample #3013 after biaxial compression test withc1=cz.

o=( at ~20 °C and 10" s

Plane_gtrgss strengths of multi-year ridge ice at -5 °C
and 10 s

Plane s3{regs strengths of multi-year ridge fce at -20 °C
and 10 " s
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Series

1000
2000
3000
4000
5000
6000
1000

2000
5000

3000
4000
6000

Table 1

Series

1000
2000
3000
4000
5000
6000

Table 2

R O B
HE L R

Temperature Strain rate Stress
at yield ratio

TI [°C3 £ (s *] 912 9,
5.0+ 0.1 1.00 £ 0.00-10°> 1.1
5.1+ 0.1 1.00 £ 0.01-10°5 2.1
~20.2 ¢ 0.1 1,00 + 0.09.10°3 1.3
-20.2 £ 0.1  0.98 % 0.09+10°3 2.1
-5.2 £ 0.1 1.01 ¢ 0.00:10°% 1.0
-19.9¢ 0.1 0.9 ¢ 0.11-10°5 1.0
5.1% 0.1 1.01 £ 0.01-10°5 a1
-20.1+ 0.2 0.99 + 0.09:10°3 a1

Test conditions

Primary stress

Secondary stress

Density
Py _
[k§ m™3)

868 + 36
889 ¢ 15
909 + ¢4
890 + 23
873 + 31
886 : 17

880 + 27

895 + 19

Initial tangent

at yleld at yield modulus
(MPa] ! [MPa] ¢ E [GPa]
-2.30 £ 0.90 -2.30 £ 0.9} -
~2,33 % 0.23 -1.12 £ 0.1} ---
-13.37 £+ 1.87 -13.32 ¢ 1.86 —
-11.98 + 2,12 -5.98 £ 1.04 —-—
-1.40 + 0.26 --- 0.87 + 0.49
-7.16 £ 2.03 ——— 6.33 ¢+ 2.40
Average strengths and elastic properties

D I

Salinity
S
(°/ea]

1.8
1.3 ¢
1.3

33

I+

1.9
1.7 +
2.5

i+

H

1.6

+

1.9

[} )

1.C

1.0

1.2

Number ¢
tests

10
10

10

10
10
10
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SALINITY S= 1.6 %e

TEMPERATURE T= =51
STRAIN RATE &=1.01-10-5 s~

- OENSITY ¢ = 880 KG M-3

°C

l

MEASURED STRENGTH

AVERAGE STRENGTH WITH
99 %-CONFIDENCE INTERVAL

THIS STUDY HOR.

COX ET AL. (1984, 1985) VERT.
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0
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